Full skin auto-grafts are required for reconstruction of skin burns and trauma scars. However, currently available clinical approaches such as sheet skin graft, mesh skin grafts, artificial skin graft, and in vivo skin expansion have limitations due to their potential danger for secondary damage and scar formation at the donor site, and discomfort during skin expansion. We developed an advanced bioreactor system and evaluated its function in skin expansion using porcine full skin. The reactor was designed as a pneumatic cylinder type, was programmed to adjust the pressure and the operating time. The system was composed of culture chamber unit, environmental control unit, and monitoring unit. Skins were expanded at 200 kPa pneumatic force and the expanded skins were analyzed by immunohistochemistry and histology. Furthermore we carried out auto-grafting experiment of the expanded skins in vivo using Yucatan pigs and skins were harvested and histologically analyzed after 8 weeks. The results showed that the bioreactor expanded skins to 160% in 4 hours. Histological analysis of the expanded skins revealed that epidermal cells and dermal fibroblasts were viable and remained integrity. The results of auto-grafting experiment indicated that fibrosis and scars were not detected in the grafted skins. This study demonstrates that the newly developed skin bioreactor enabled to obtain large sized full skin rapidly and successful grating.
INTRODUCTION
Skin grafts are required in numerous clinical procedures, such as reconstruction after skin removal, and correction of contracture or scarring because of burns, accidents, and trauma. The current standard for skin defect replacement procedures is the use of autologous skin grafts. However, donor-site tissue availability, which remains a major obstacle to the successful replacement of skin defects, often limits this option. Because of this limitation, other approaches are commonly employed to cover skin defects. These include commercially available skin products based on biomaterials and tissue engineering, allografts, and xenografts [1] [2] [3] .
In addition, in vivo subcutaneous tissue expanders or meshed split thickness skin grafts are being used clinically to generate larger segments of autologous skin when donor-site tissue is limited. Subcutaneous tissue expanders are balloon implants that are sequentially filled with increasing amounts of saline to increase the amount of overlying skin. The mechanical stress of the tissue expander results in biologic creep, greater mitotic activity, and greater vascularity, which ultimately leads to expanded skin. Subsequently, the expanded skin can be used as a tissue flap or harvested for use as a skin graft. However, the shortcomings of this method lie in the requirement of additional surgical procedures, which may increase morbidity, and extensive waiting times to obtain appropriate sized tissue. Moreover, discom- fort associated with the increasing expander volume and frequent tissue fibrosis remains as major limitations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Currently, numerous reports supported that stem cells and their production have a great potential for accelerating wound healing and regeneration of damaged skin, however these approaches need further research to obtain healthy full skin for transplant [15] [16] [17] .
In the present study, we investigated whether these difficulties could be overcome by developing an automated skin bioreactor which enables effective skin expansion ex vivo while maintaining tissue viability. In 2009, Ladd et al. [18] at the Wake Forest University in the United States reported the first full skin expansion using a computer-controlled bioreactor system, which resulted in skin expansion of 110.7% under culture conditions for 7 days. Following the work, Jeong et al. [19] in Korea published a paper in 2014 on a clinical trial with ten patients for investigation of whether tissue expansion using a bioreactor is effective and safe for reconstruction of large skin lesions and scars. The findings are average skin expansion rate of 10.54±6.25% for 10 days; take rate of 88.89±11.39%; and contraction rate of 4.2±2.28% after 6 months, which confirmed the safety and applicability of the ex vivo skin expansion.
We developed an advanced bioreactor system by adding functions of real time monitoring, remote-control, optimized grip structure, and creating pores to skin for efficient tissue expansion. We evaluated the morphological, ultra-structural, and mechanical properties of the expanded skin before and after expansion using histology, immunohistochemistry (IHC), and tensile testing. We further carried out grafting study in vivo using Yucatan pigs to investigate the feasibility of this method for clinical application.
MATERIALS AND METHODS

Bioreactor components
The system consists of three parts and additional components; the culture chamber, environment, and expansion control parts and components including skin grippers and expansion clamps. The skin is expanded in the chamber with culture medium and its temperature is maintained approximately 37°C by circulating water around the chamber using environment controller. The grippers are designed to hold the skin using micro-needles in order to avoid the skin necrosis due to excessive pressure. The grippers are connected to clamps which play a role for expanding skin under designated tension (Fig. 1 ).
Expansion study
Porcine full-thickness skins were obtained from local slaughterhouse (Farm pig, Yeongcheon, Korea). The skins were submerged in 70% EtOH for 10 sec, and washed with sterile phosphate buffered saline (PBS). The skin was expanded by 200 kPa of pneumatic pressure in Dulbecco,s modified eagle's medium containing 10% fetal bovine serum and 2% penicillinstreptomycin for 4 hrs. Real time monitoring of the expanding skin for entire 4 hrs was carried out using IP camera. The area of the skin was calculated by Image J software (National Institute of Health, USA).
Grafting study
To evaluate the grafting efficiency of expanded skins, we used two female Yucatan pigs after getting approval from the Institutional Animal Care and Use Committee at DGMIF (Daegu-Gyeongbuk Medical Innovation Foundation, Daegu, Korea). For donor skin, the inguinal one was used. Full-thickness skin (5×5 cm) was obtained under anesthesia and subse-
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Operating arms Figure 1 . The skin bioreactor. The skin bioreactor was composed of a reacting chamber (37°C) and a control system. Harvested skin was harnessed in the reacting chamber (A) by skin grippers embedded with micro-needles (B). The skin was expanded by operating arms (C) controlled with adjustable pneumatic pressure. All procedures were controlled by automatic control system.
quently expanded for 4 hrs using the bioreactor. The expanded skin was removed from the reactor and grafted on the back site where full-thickness skin of size as 6×6 cm was removed. Wound sites were treated with dry dressing at daily basis, and allowed to heal. The animals were observed daily for 8 weeks and at the end of the period they were euthanized, and tissues including inguinal, back, and grafted skin tissues were harvested for histological and immunohistochemical analysis. All grafting experiments were conducted in Laboratory Animal Center (Daegu-Gyeongbuk Medical Innovation Foundation, Daegu, Korea).
ICG fluorescence angiography by the SPY fluorescent imaging system
To evaluate the vascularity or blood circulation at the recipient site after skin grafting, laser-assisted indocyanine green (IGG) angiography using the SPY imaging system was used. The SPY imaging system (Novadaq Technologies Inc., Toronto, Canada) provides real-time assessment of tissue perfusion and viability and serves as a tool for non-invasive perfusion assessment with a high degree of sensitivity and specificity. The ICG molecule binds strongly to plasma proteins, causing it to remain in the intravascular space and enables fluorescent detection. Evaluation of blood flow assessment was performed on 2, 4, and 8 week.
Histology
Retrieved skin tissues were fixed with 4% paraformaldehyde in PBS (pH 7.4) for overnight at 4°C. Tissues were dehydrated through a graded ethanol series, cleared with xylene, and mounted in paraffin. Slides were made with 2 μm sections, and hematoxylin and eosin (H&E) and Masson's trichrome were performed routinely. For immunofluorescence (IF), sections were de-waxed, rehydrated, and labeled with proliferating cell nuclear antigen (PCNA), E-cadherin, and α-smooth muscle actin (SMA) and FITC-conjugated secondary antibody, and counterstained with 1 μg/ml 4' ,6-Diamidino-2-Phenylindole (DAPI). Fluorescence images were taken by using Eclipse 80i (Nikon, Japan). When IHC, HRP-conjugated secondary antibodies were used, they were visualized with diaminobenzidine substrate.
Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
To determine whether skins went on apoptosis during expansion on the reactor, we used TACS ® 2 TdT Fluorescein Kit (Trevigen, Gaithersburg, MD, USA). The procedure was performed according to manufacturer' s protocol and counterstained with DAPI (1 μg/mL). For positive control, sections were treated with TACS-Nuclease TM .
Statistical analysis
Data presented in this study are means±standard error of the mean. As all data were shown to be not normally distributed, the non-parametric Mann-Whitney U test was used to determine significant differences between samples. p<0.05 was taken as indicating statistical significance.
RESULTS
The skins expanded by 200 kPa for 4 hrs resulted in an average expansion rate of 156.7±1.7% (n=4) (Fig. 2) . Tunnel assay revealed no positive signal in the pre-and post-expanded skins (Fig. 3A and D) . Histological examinations performed preand post-expansion demonstrated a significant increase in the porosity of the dermal layers and a uniaxial arrangement of the collagen fibers. Especially, there was thinner epidermis and straightened arrangement in post-expanded skin (Fig. 3B, C, E,  and F) . PCNA staining showed that PCNA (+) cells were predominantly located at the basal layer of epidermis, just above basement membrane, in both pre-and post-expanded skin. The post-expanded skin showed proliferating epithelial cells more than pre-expanded skin (Fig. 4E and F) . To determine epidermal integration, E-cadherin distribution was visualized with FITC. The IF results showed the expression of E-cadherin in the whole epidermis area except superficial layer. Despite physical expansion, cell-cell adhesion was well preserved (Fig.  4G and H) .
Blood flow of the auto-grafted skin was evaluated by ICG fluorescence angiography using SPY system. The grafted skin was macroscopically brighter than its vicinity when examined on 2, 4, and 8 weeks following surgery, and intensity of ICG fluorescence was decreasing through wound healing process (Fig. 5) .
For bio-compatibility of an expanded skin, we examined skin auto-graft from an inguinal skin to dorsal site after expansion and skins were allowed healing for 8 weeks. After 8 weeks, skins were collected and subjected to histology. Histological data showed cleaved elastin fibers in an auto-grafted skin (Fig.  6B , F, and J) and decreased intensity of the ECM staining (Fig.  6C, G, and K) . Apparently skins did not show α-SMA positive signals (Fig. 6D, H, and L) .
From the grafting data analysis, proliferative cells were present more in dermal layer than other areas of auto-grafted skins, whereas less present in epidermis layer (Fig. 7) .
DISCUSSION
Although there are various methods for the treatment of skin defects, such as skin grafting, artificial skin, and skin expander inside of body, these have limitations such as discomfort, high cost, immune response, and long term treatment. We attempted to expand skin ex vivo using a newly developed skin expander, and performed grafting study using female Yucatan pigs.
In the preliminary experiments, data showed that maximum expansion rate was observed at 4 hrs after the expansion was begun under 200 kPa of pneumatic pressure (data not shown). According to this observation, the expansion pressure and expansion period were determined. In previous studies by Ladd et al. [18] and Jeong et al. [19] , ex vivo skin expansion using skin bioreactors showed expansion rates of 110.7% and 110.54±6.25% [15, 16] . The expansion period of these experiments lasted 7 to 10 days. In contrast, the skin expansion rate turned out to be 156.7±1.7% (n=4) in spite of short time period using the newly designed reactor. Apoptosis was not detected during expanding skin and histological results showed that porous area were increased in the expanded skin dermis (Fig. 3) [18, 20] . During skin expansion, internal micro-structure of skin looks loosened as the arrangements of collagen and elastin were altered.
In the Figure and epidermal integrity with positive staining of PCNA and Ecadherin. PCNA positive represented that cell growth is in progress [21] . In addition, unimpaired staining pattern of Ecadherin after expansion indicated the preservation of cell-cell interaction and the integrity of skin epidermis [22, 23] . These data showed expanded skin maintained natural cell activity and genuine characteristics. Bio-compatibility of expanded skin was examined by autografting. Grafted skins were observed every day for 8 weeks, and collected skins were subjected to histology and IHC. The grafted site was scanned SPY and evaluated by intensity of ICG fluorescence. In Figure 5 , intensity was decreased by a timedependent manner, and it implies that decrease of blood flow in early wound healing stage. Histological data showed that low intensity of ECM deposits and short elastin fibrils are present in the skin of 8 weeks after grafting. At 8 weeks, the wound healing was still on progress. All tissues did not show secondary contraction, the reason is speculated due to no occurrence of fibrogenesis which is hyperplasia of α-SMA positive cells (Fig. 6 ). In addition, numerous PCNA positive cells were detected in the basal layer of epidermis and dermal layer in the grafted skins. That means that the cells possess proliferating activity in the grafted skin [21] .
Conclusively, the experimental findings demonstrated that full thickness skins can be expanded to 160% in a very short period of less than 6 hours which is considered as a golden time in auto-transplantation. Histological analysis of the expanded skins showed that epidermal cells and dermal fibroblasts were viable and remained integrity. The results of the current investigations indicated that substantially large sized viable full thickness skin can be obtained ex vivo for soft tissue reconstruction using advanced type of skin bioreactor.
